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Abstract. I used light and electron microscopy to in-

vestigate shell-attached muscles in larvae of Haliolis

kamtschatkana Jonas, 1845, because an early descrip-

tion of these muscles in //. tuberculata by Crofts ( 1937,

1955) has featured prominently in theories about gastro-

pod evolution. Larval shell muscles in //. kamtschat-

kana can be grouped into two categories. The first cate-

gory consists of the larval retractor muscle (LRM) and

the accessory larval retractor muscle (ACC); these are

striated muscles in which myofilaments begin differen-

tiating before the head and foot rotate relative to the pro-

toconch (this rotation is known as onlogenetic torsion).

Collectively, these muscles ultimately insert on tissues

within the larval head and mantle, but the ACCand

mantle fibers of the LRMdegenerate as metamorphic

competence is achieved. The second category consists of

two nonstriated pedal muscles that differentiate after

cephalopodial rotation. The left pedal muscle is an-

chored on the back of the protoconch, to the left of the

shell-attachment plaque for the LRM. It projects into the

foot primarily, but also gives rise to muscle slips extend-

ing into the mantle fold. The right pedal muscle is an-

chored on a calcareous septum secreted along the vis-

ceral rim of the protoconch. The new data force a recon-

sideration of the ancestral homologues of larval shell

muscles in abalone, because Crofts may have misidenti-

fied the accessory larval retractor muscle as a precursor

of one of the later pedal muscles.

Introduction

The form and development of shell-attached muscles

in vetigastropods and patellogastropods, which I will call
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Abbreviations: LRM= larval retractor muscle, ACC=
accessory lar-

val retractor muscle.

'archaeogastropods' (see Hickman, 1988; Haszprunar,

1993), have had considerable impact on theories about

early gastropod evolution. Studies by Crofts ( 1937, 1955)

on muscle morphogenesis in Ha/iotis tuberculata and

several other archaeogastropods have been particularly

influential. Crofts identified two shell muscles in larvae

of//, nibercitluta: the larval (or velar) retractor muscle

and the future columellar muscle. She suggested that the

precocious differentiation of the larval retractor muscle

relative to the columellar muscle initiates the mechanical

twisting of the developing larval body known as ontoge-
netic torsion. Crofts ( 1937, 1955) also indicated that the

pair of larval muscles become the two adult shell muscles

in H. tuberculata, a condition viewed as primitive within

a molluscan class in which most members have only one

adult shell muscle. The diagrams in Figure 1A, B depict

Crofts' (1937, 1955) interpretation of the larval shell

muscles in //. tuberculata and several other archaeogas-

tropods during an early and late stage of premetamor-

phic development.

Crofts' (1937. 1955) descriptions endorsed and ex-

tended the hypothesis that the two shell muscles in ar-

chaeogastropod larvae, and their postmetamorphic de-

rivatives, are bilateral homologues that have lost their

ancestral symmetry (Garstang, 1929). The two are pre-

sumed to be descendant remnants of serially duplicated,

symmetrical pairs of dorso-ventral shell muscles as re-

tained by extant monoplacophorans and chitons

(Knight, 1952; Stasek, 1972; Wingstrand, 1985). This

hypothesis has influenced interpretations of paleontolog-

ical data (see Yochelson, 1967; Harper and Rollins,

1982; Runnegar and Pojeta. 1985) and speculations

about evolutionary diversification of shell muscles

among extant larval and adult gastropods (Fretter and

Graham, 1962; Fretter, 1969; Haszprunar, 1985).

Despite the widespread influence of Crofts' (1937,
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1955) descriptions of shell muscles in larval archaeogas-

tropods, which were based on paraffin sections, her re-

sults have never been confirmed using techniques per-

mitting higher resolution. Indeed, the fact that her

descriptions have not consistently coincided with obser-

vations by others (Smith. 1935;Bandel, 1982) underlines

the need for in-depth study of the development of these

muscles. Speculations about ancestry and evolutionary

diversification of structures must be based on accurate

information about the extant products of structural evo-

lution.

The purpose of my study is not to test the theory

claiming a muscle-based mechanism for generating on-

togenetic torsion in archaeogastropods. but to reexamine

the inventory of larval shell muscles in a haliotid and the

fate of these muscles at metamorphosis. Evidence de-

rived from light and transmission electron microscopy
of sequential development stages of Halu >ii\ kunii \clhii-

kanu Jonas. 1845. indicates that four, rather than t\\o.

shell-attached muscles differentiate during the premeta-

morphic phase of this species. This interpretation is sum-

marized by the sketches in Figures 1 A, C. In particular. I

suggest that insufficient resolution and inadequate meth-

ods to prevent muscle contraction during fixation may
have led Crofts (1937. 1955) to confuse an early develop-

mental stage of a transient muscle projecting to the man-

tle, with a later differentiating pedal muscle. Observa-

tions described in this report extend those given in an

earlier study on overall larval morphogenesis of //

kamtschatkana (Page, in press), and they indicate that

the evolutionary derivation of shell muscles in haliotid

gastropods should be reevaluated.

Materials and Methods

Adults ofHalioiis kamtschatkana were collected from

shallow subtidal areas around the southern tip of Van-

couver Island, Canada (collection permit obtained from

Canadian Department of Fisheries and Oceans), and

were induced to spawn by the hydrogen peroxide

method of Morse el al. (1976). After spawning com-

menced, adults were rinsed briefly in flowing seawater

and transferred to aquaria containing seawater without

hydrogen peroxide, where spawning continued. Col-

lected eggs were rinsed with Millipore-filtered seawater

(0.45-Mm pore size) before and after they were fertilized

with a dilute sperm suspension. After larvae hatched,

they were maintained in beakers containing 500 ml

Millipore-filtered seawater (12 to 13C). which was

changed daily. Antibiotics (streptomycin sulfate at

50 Mg/ml and penicillin Gat 60 ng/m\; both from Sigma)
were added on days 6 and 9 postfertilization. Red

coralline algae (Lillioiliamnion sp.) or 0.01 mA/ gamma
aminobutyric acid (Sigma) was used to induce metamor-

phosis of// kamtschatkana larvae (indicated by loss of

the ciliated velar cells), as described previously for the

congeneric species, Haliatis ntlcscens (Morse et al..

1979; Morse and Morse. 1984).

Larval stages were fixed at the following times after

fertilization: 42. 52. 62. 72. and 96 hours; and 5, 6, 7. 9.

and 1 2 days. In addition, young juveniles were fixed at 2,

5. and 7 days after metamorphic loss of the ciliated velar

cells. All stages were anesthetized prior to fixation by
an initial incubation in artificial seawater containing ex-

cess Mg24 and reduced Ca: '

concentrations (MgSW:
225mA/ NaCl, 5mA/ KCI, 102mA/ MgCl : . 1mA/
CaCN) for 15 min. Vials containing these partially anes-

thetized larvae were then placed on ice, and drops of a

saturated solution ofchlorobutanol (Eastman Kodak) in

seawater were added to achieve a proportion of 1 part

chlorobutanol solution : 4 parts MgSWafter 5 min. The

anesthetizing solution was then replaced with fixative.

Larvae were fixed at room temperature in 2.5% glutar-

aldehyde in 0.2 MMillonig's phosphate buffer (pH 7.6)

and 0.14 Msodium chloride for 1 hour, then stored in

this fixative for up to I week at 10C. Larval shells were

decalcified in a 1:1 mixture of the glutaraldehyde fixative

and 10% ethylenediaminetetraaceticacid (disodium salt;

Sigma) for no longer than 1 hour (Bonar and Hadfield.

1974). Specimens were then rinsed three times in freshly

prepared 2.5% sodium bicarbonate (pH 7.2) and post-

fixed in 2% osmium tetroxide in 1.25% sodium bicar-

bonate buffer. Dehydration was accomplished in a

graded ethanol series and specimens were embedded in

Epon with propylene oxide as the transitional medium.

Histological sections (thickness 0.75 to 1 A/m) were cut

with glass knives and stained with a mixture of azure II

and methylene blue in borax (Richardson et al. 1960).

Ultrathin sections were cut with a Diatome diamond

knife, stained with aqueous 2% uranyl acetate (60 min)
and 0.2% lead citrate (6 to 9 min). and photographed
with an Hitachi 7000 transmission electron microscope.

Computer-generated reconstructions of sectioned lar-

vae were made with Jandel's PC3Dsoftware. Profiles of

the body wall (excluding the periostracum covering the

decalcified shell) and selected muscles were traced from

photomicrographs of sections by using a Numonics digi-

tizing tablet. Sections of 1-^m thickness were traced at

intervals of 5 ^m, although body wall profiles in the re-

constructions that also show underlying muscles are dis-

played at intervals of lO^m. The method for aligning

photomicrographs of sequential sections has been de-

scribed by Page (in press).

Results

Larvae offfaliotis kamtschatkana hatch from the egg

investments at about 30 hours postfertilization (12 to
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Figure I . Two interpretations of the larval shell muscles of haliotid gastropods; sketches of muscles are

simplified for clarity. (A) Right and left lateral views of a larva before rotation of the cephalopodium relative

to the protoconch. showing the larval retractor muscle (LRM) and the muscle identified b> Crofts ( 1937.

1955) as the future columellar muscle (CM) in Haliolit tiihcrculiila; the latter muscle is identified as the

accessory larval retractor muscle (ACC) in the present study on // kanii \clialkanu. ( B) Crofts' ( 1937, 1955)

interpretation of the shell muscles in a late stage larva of// lithm-nlaui (shown in left and right lateral

views); the LRMacquires a pedal branch (PB) and the columellar muscle (CM) projects into the foot. (C)

My interpretation of the shell muscles in late stage larva of // kamischaikana (shown in left and right

lateral views); the left and medial pedal muscles (LP. MP) have differentiated, but the ACCand the mantle

branch (MB) of the LRMdegenerate prior to metamorphosis. Other abbreviations: F = foot; MF= mantle

fold; PR =
protoconch; V = velum; VL = visceral lobe consisting of differentiating midgut cells.

1 3C). At this time, the ovoid larval body has an encir-

cling band oflong, compound cilia (velar cilia) that pow-
ers swimming, but the foot is not yet recognizable and

the protoconch (premetamorphic shell) is merely a small

disc. Larvae then undergo rapid and extensive changes
in both shape and cellular complexity so as to achieve

metamorphic competence by 1 1 to 12 days postfertiliza-

tion. They are able to crawl on the foot by 9 days. Major

regions of larval anatomy, as referred to in the following

text, are labeled on the sketches in Figure 1 .

Posthatching development is accompanied by sequen-

tial differentiation and subsequent remodeling of four

shell-attached muscles. Two of these, which I call the lar-

val retractor muscle (LRM) and the accessory larval re-

tractor muscle (ACC), begin to acquire myofilaments be-

fore rotation of the cephalopodium relative to the proto-

conch and visceral lobe (Fig. I A), a morphogenetic
movement that has been called ontogenelic torsion.

However, the ACCand the mantle branch of the LRM
degenerate prior to metamorphic competence. The other

two shell muscles, which I call the left pedal muscle and

the medial pedal muscle, differentiate after cephalopod-
ial rotation (Fig. 1C).

Shell muscles can be unambiguously identified by
their ultrastructurally distinctive attachment plaque,

which is formed by specialized cells of the perivisceral

epithelium (Figs. 2 and 3). As shown in Figure 3, the spe-

cialized cells are traversed by intracellular filament bun-

dles arising from stubby apical microvilli embedded in

the fibrillar matrix of the decalcified protoconch. Mem-
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Figure 2. Parasagittal section through a larva of Haliotis

kamlschatkana at 9 days after fertilization, showing the larval retractor

muscle (LRM) projecting anteriorly from its shell attachment plaque

(asterisk); distal portions of this muscle (arrowheads) extend into the

velum (V) and along the ventral margin of the left pharyngeal pouch

(PP). Other abbreviations : F = foot; MC= mantle cavity; MF= mantle

fold; ST =
statocyst; T =

cephalic tentacle, VL = visceral lobe. Scale.

50 pm.

Figure 3. Transmission electron micrograph of a portion of the lar-

val retractor muscle attachment plaque, which consists of specialized

perivisceral epithelial cells with intracellular filament bundles (ar-

rowheads) and stubby microvilli (arrows) embedded in the fibrillar ma-

trix of the protoconch (decalcified to allow sectioning). Scale. 0.5 ^m.

branes of both the muscle and adjacent epithelial cells

have adherens-like junctional specializations that im-

pinge on a thin layer of extracellular matrix lying be-

tween these two cell types. Attachment plaques having
this morphology have been described previously for both

larval and adult gastropods (Bonar, 1978; Tompa and

Watabe, 1976).

Larvae also acquire musculature associated with the

body wall and differentiating gut. The former consists of

a complex network of intrinsic, subepidermal fibers that

are particularly abundant within the foot of older larvae.

The distal ends of shell muscles connect extensively with

intrinsic musculature of the foot and velum. In this re-

port. I do not describe either the gut or intrinsic body
wall muscles in detail.

Larval retractor muscle (LRM) and accessory larval

reiractiir muscle (ACC)

The images in Figure 4 are computer-generated recon-

structions of transversely sectioned larvae at three stages

of development: 52 hours, 5 days, and 9 days postfertil-

ization. The reconstructions show trajectories and devel-

opmental changes of the LRMand the ACC, which are

described in the following text along with micrographs of

selected features.

Be/ore cephalopodial rotation

The protoconch of //. kamtschatkana grows rapidly

during early development, reaching final size about

52 hours after fertilization. At this stage (Fig. 5), the mor-

phogenetic movement of cephalopodial rotation has ei-

ther begun or is about to begin. Differentiating myocytes
of the LRMand ACCare recognizable in these young
larvae (Figs. 6 and 7) because myofilaments can be re-

solved within the cytoplasm (Fig. 8). Nevertheless, prior

to cephalopodial rotation, most of the sarcoplasm is oc-

cupied by large yolk inclusions (Fig. 7), and myofila-

ments are restricted to the extreme distal ends and to a

narrow cortical zone beneath the sarcolemma (Fig. 8).

Sections through the mid-level of the visceral lobe at

52 hours show profiles of the ACCand the LRMextend-

ing along opposite sides of this yolky mass of differenti-

ating midgut cells (Fig. 6). The LRM consists of eight

myocytes, whereas the ACCconsists of only two (Fig. 7).

No myocytes are added to either of these two muscles

during subsequent development.
At 52 hours, two myocytes of the LRMare noticeably

larger than the other six, and these two alone make direct

contact with shell field epithelial cells that will eventually

form the attachment plaque onto the shell. The basal

ends of the other six LRM myocytes reach toward the

bottom of the shell along the two that establish initial

contact with shell field epithelium. In prerotational lar-
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52 hours

pre-rotation

5 days

post-rotation

9 days

LRM

MB

r LRM

LRM
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Figured. Computer-assisted reconstructions of transversely sectioned larvae at three stages of develop-

ment (protoconch not included I. The upper row shows reconstructions of whole larvae (all viewed from

the definitive left lateral side of the visceral lobe) at postfertilization times of 52 hours (A), 5 days (D). and

9 days(G). The middle row (B. E. H) shows the same three stages with the anterior portion omitted and with

profiles of the larval retractor muscle ( LRM) and accessory larval refractor muscle (ACC) superimposed on

the body wall profiles. The lower row (C, F, I) shows the same reconstructions with superimposed muscle

profiles, but viewed from the anterior end of the larvae. Asterisk in (B) and (C) indicates the oblique tract

of the LRMat 52 hours: arrowhead in (F) indicates the U-shaped excavation in the LRMwhere it partialK

surrounds the esophagus. The ACC is stippled in B, C. E, and F; the mantle branch (MB) of the LRM is

stippled in H and I. Other abbreviations: F = foot: MC= mantle cavity; MF= mantle fold: V = velum:

VL = visceral lobe.

vae. the attachment plaque of the LRMhas not acquired

the ultrastructural characteristics of its fully differenti-

ated state, as shown in Figure 2, hut whole mounts of

live larvae suggest that epithelial cells of the future LRM
attachment plaque are nevertheless fastened to the inner

wall of the shell at this stage (Fig. 5). The attachment site

is located at the bottom of the protoconch, but is offset

toward one side. The offset is right-sided with respect to

the prerotated cephalopodium, but becomes left-sided

with respect to the postrotated cephalopodium (Fig. 4:

compare A-C with D-F).

The two largest myocytes of the LRMat 52 hours have

different distal trajectories. One continues anteriorly

along the right side of the foregut and is accompanied by

four smaller LRMmyocytes. The other of the two largest

myocytes bends abruptly to the left, traveling dorsally

over the foregut to the opposite side of the larval body.

Two additional LRMmyocytes show this same oblique
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Figure 5-8. Prerotational larvae (52 hours after fertilization).

Figure 5. Lateral view of a live larva: note that the foot rudiment (F) and visceral lobe (VL) are on

opposite sides of the body. Dotted line indicates approximate plane of section for Fig. 6. PR = protoconch:
V = velum. Scale, 50 ^m.

Figure 6. Transverse section through the mid-level of the visceral lobe (VL), showing profiles of the

larval retractor muscle (LRM) and the smaller accessory larval retractor muscle (ACC). HG=
rudimentary

hmdgut. Scale. 50 ^m.

Figure?. Transmission electron micrograph (TEM)of the two myocytesofthe ACCcontaining many
yolk platelets having two different electron densities. Plane of section is similar to that shown in Fig. 6, but

was cut from a different larva. Scale. 5 jim.

Figure 8. TEMshowing differentiating myotilaments (arrowheads) within the peripheral cytoplasm of

ACCmyocytes. Scale. 0.5 /am.
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trajectory, which is marked by an asterisk in Fig. 4, B and

C. As I have described previously (see fig. 9a, b of Page,

in press), the oblique tract of the LRM in prerotational

larvae inserts not only on columnar epithelium at the far

left side of the foot rudiment (an insertion site described

by Crofts [
1 937] for the oblique tract of the LRMin Hal-

iotis tnberculata), but also on adjacent epithelium lining

the initial mantle cavity and on shell field epithelium.

Prior to cephalopedal rotation, the distal ends of the

two ACCmyocytes do not project beyond the visceral

lobe of the larval body (Fig. 4B). At 52 hours, the basal

ends of these myocytes reach toward their definitive an-

chorage site on the protoconch. but a differentiated at-

tachment plaque is not yet recognizable.

After cephalopodial rotation

Figure 9 shows a larva of//, kamtschatkana at 5 days

postfertilization. which is 2 days after the cephalopod-

ium has rotated by 180 relative to the protoconch and

visceral lobe (compare the position of the foot relative to

the shell in Figs. 5 and 9). As larvae develop beyond the

end of the rotation phase, myocytes of the LRMand the

ACCenlarge and the proportion of myofilaments rela-

tive to yolk inclusions increases dramatically. Concur-

rently, myofilaments of both muscles become organized

into short sarcomeres delimited by rowsofZ-bodies(Fig.

10). However, the sarcomeres have a peculiar zig-zag

pattern, which may be a fixation artifact imposed on

cross-striated fibers that lack strong linkages between ad-

jacent Z-bodies.

At 5 days posthatching, the basal trunks of both the

LRM and the ACC can be seen clearly in whole

mounted, live larvae (Fig. 9) and in tissue sections (Fig.

1 1 ). The attachment plaque of the LRM is located

slightly toward the left side of the postrotational shell,

whereas the attachment plaque of the ACChas a more

ventro-medial location within the bowl of the proto-

conch.

As shown in the reconstructions in Figure 4, D-F, the

trunk of the LRMascends directly up the left side of the

larva from its left-sided attachment plaque, whereas the

two muscle cells of the ACCproject almost horizontally

from their shell attachment plaque so as reach toward the

dorso-lateral right side of the visceral lobe. As a result,

transverse sections through the extreme base of the vis-

ceral lobe cut the LRMin cross-section, but pass through

the ACCin oblique longitudinal section (Fig. 1 1 ). After

reaching the right side, the striated fibers of the ACCcon-

tinue anteriorly into the right, ventro-lateral area of the

mantle fold (Fig. 4, D-F; Figs. 1 2- 1 5). The ACCextends

much further anteriorly at 5 days (postrotational larva)

than at 52 hours (prerotational larva).

Upon reaching the proximal level of the developing

foregut, six of the eight LRMmyocytes remain in close

contact and collectively assume a U-shaped cross-sec-

tional profile that invests the dorsal and lateral walls of

the esophagus (Figs. 4F. 14). Eventually these six sepa-

rate into left- and right-sided tracts, which insert on op-

posite sides of the velum and stomodeal area. The sto-

modeal fibers also connect with intrinsic muscle fibers

extending into the foot.

The other two myocytes of the LRM branch away
from the dorsal area of the main muscle bundle and ex-

tend into mantle tissue (MB in Figs. 4E. 4F, 14). How-

ever, a gradual change in shape of the mantle cavity dur-

ing the period between the end of cephalopodial rotation

and the onset of metamorphic competence forces a

change in the disposition of the mantle branch of the

LRM. For 2 full days after the cephalopodium has com-

pleted its rotation by 1 80 degrees relative to the proto-

conch, most of the initial mantle cavity is located along

the right side of the larva (Fig. 13). During this initial

postrotational period, the mantle branch of the LRMfol-

lows a straight anterior trajectory along the mid-dorsal

border of this initial mantle cavity (Figs. 4E, 4F. 14).

Subsequently, however, the right-sided mantle cavity

deepens greatly and its mid-dorsal margin (including the

rudiment of the initial ctenidium) pushes over to the left

side, thereby creating a broad, mantle-lined cavity over

the dorsal area of the body (Fig. 4, G-I; Fig. 16). As this

happens, the mantle branch of the LRMis forced to di-

verge from the main muscle bundle at a more posterior

level, and the branch becomes a curved arc that em-

braces the far wall of the much enlarged mantle cavity

(compare Fig. 4. F and I; also Figs. 14 and 17).

The two myocytes of the ACCand the two myocytes
of the mantle branch of the LRM, both of which project

into the mantle fold, do not survive to the end of the

obligatory larval period. In sections through larvae fixed

at 9 days postfertilization. myocytes of the ACCare ab-

sent altogether or appear as a globular mass at the base

of the visceral lobe. The mantle branch of the LRM is

present at 9 days but not at 1 2 days postfertilization.

Left and medial pedal muscles

At the onset of cephalopodial rotation at 52 hours, the

foot rudiment is merely a low swelling immediately be-

neath the stomodeum, although a small, thin operculum
is present. However, dramatic enlargement of the foot

begins during cephalopodial rotation and continues

through the remainder of the obligatory larval period.

During the initial enlargement, the foot becomes filled

with a proliferating mass of cells. By 4 days postfertiliza-

tion (24 hours after the end of cephalopodial rotation),

occasional aggregations of myofilaments can be resolved

within some of these pedal cells. Sections through pro-
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Figures 9-12. Postrotational larvae al 5 days after fertilization.

Figure 9. Lateral view of li\e larva; enlarged foot (F) now projects on same side as the visceral lobe

(VL). Shell attachments of the larval retractor muscle (LRM) and the accessory larval retractor muscle

(AGO are indicated by arrows. Planes of section for Figs. 1 I and 13 are indicated b\ dolled lines. MF =

mantle fold; V = velum. Scale. 50 /jm.

Figure 10. Transmission electron micrograph (TEM) of striated myonlamcnt arrangement within a

myocyte of the ACC. Scale, I ^m.

Figure 11. TEMof a transverse section that passes through the basal trunks of both the LRMand ACC.

P =
periostracum of decalcified protoconch; VL = visceral lobe. Orientation axes: V = ventral; D = dorsal:

R =
right; L = left. Scale. 10/jm.

Figure 1 2. Frontal section showing the striated myofilaments of the ACCfarrows) extending anteriorly

into the ventro-lateral right side ol the mantle fold (MF). E =
developing esophagus: MF= mantle fold; V

= velum; VL = visceral lobe. Orientation axes: L =
left; R =

right. Scale, 50 ftm.
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Figures 13-15. Postrotational larvae at 5 days after fertilization.

Figure 13. Transverse section along the plane indicated in Fig. 9 and passing through the foot (F) and

the mantle fold (MF) bordering the deep mantle cavity (MC) on the right side. Boxed area shown in Fig.

14. Orientation axes: D = dorsal: V = ventral; L =
left: R =

right. Scale. 50 pm.

Figure 14. Transmission electron micrograph (TEM) of boxed area in Fig. 1 3 (cut from different larva);

dashed lines outline a portion of the main body of the larval retractor muscle (LRM) that partially sur-

rounds the developing esophagus (E). The section also shows the accessory larval retractor muscle (ACC)

within the right-sided mantle fold (enlarged in Fig. 1?) and the mantle branch (MB) of the LRMlocated

mid-dorsally. MC= mantle cavity. Scale, 1 ^m.

Figure 15. Enlargement of the ACCfrom Fig. 14. Scale, 1 jim.
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Figure 16. Transverse section of lana at 4 days alter hatching, showing the enlarged mantle cavity

(MC): boxed area is shown in Fig. 17. MF = mantle fold: VL = visceral lobe. Orientation axes: D = dorsal;

V = ventral: L =
left; R =

right. Scale. 50 pm.

Figure 17. Transmission electron micrograph (TEM) of boxed area in Fig. 1 6 (cut from different larva),

showing the main body of the LRMand its mantle branch (slender arrows). The left pedal muscle (stout

arrow) extends along the left side of the LRMand has a denser myoplasm than the LRM. Scale. 10 /jm.

gressively older larval stages suggest that the pedal myo-
blasts give rise to intrinsic pedal muscles and possibly to

two shell-attached pedal muscles, which I call the left

pedal muscle and the medial pedal muscle.

The arrangement of myonlaments within the two

pedal muscles is similar, but is different from that found

for the LRMand ACC. Pedal muscles have much longer

thick filaments and do not show obvious striations (Figs.

18-20).

The two pedal muscles have different shell-attachment

sites and trajectories. The left pedal muscle is attached to

the posterior area of the left side of the protoconch, and

its trunk travels anteriorly along the ventro-lateral left

side of the LRM(Fig. 17). Before entering the foot, the
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Figure 18. Transmission electron micrograph (TEM) showing different myolilament arrangements in

myocytes of the left pedal muscle (LP) and the larval retractor muscle (LRM). Scale, I ^m.

Figure 19. TEMof a frontal section through a 12-day larva, showing the ipsilateral and contralateral

distal branches (arrows) of the left pedal muscle. Unlike the LRM. the left pedal muscle does not show

obvious striations. BM= buccal mass. Scale, 10 pm.

left pedal muscle bifurcates into two distal branches (Fig.

19). One branch extends into the left (ipsilateral) side of

the foot, whereas the other extends into the right (contra-

lateral) side of the foot. Therefore, sagittal sections

through larvae pass obliquely through the contralateral

branch of the left pedal muscle as it reaches toward the
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right side of the foot (Fig. 20). Although the foot is the

primary target of the left pedal muscle, this muscle also

includes slender muscle slips that extend into the mantle

fold.

The medial pedal muscle of late stage larvae is an-

chored on the external surface of a calcareous septum

that is secreted along the visceral margin of the proto-

conch (Figs. 20 and 21); the septum is described in

greater detail by Page [in presss]). The muscle arches

over the junction between the visceral rim of the proto-

conch and the operculum and extends into the central

area of the foot. The various fibers of the medial pedal

muscle insert on pedal epithelium underlying the oper-

culum. on intrinsic muscle fibers associated with the

crawling surface of the foot, and on the large propodial

gland.

Shell muscles after metamorphosis

Sections through young juveniles at 2 to 7 days post-

metamorphosis show that both pedal muscles are re-

tained through metamorphosis and the mantle fibers of

the left pedal muscle become more prominent (Fig. 22).

However, the LRM, which lost the two myocytes of the

mantle branch prior to metamorphosis, continues to lose

myocytes after metamorphosis. Juveniles sectioned at

7 days after metamorphosis have only two LRM myo-

cytes (Fig. 23).

By 7 days postmetamorphosis, the attachment plaque

of the left pedal muscle has migrated anteriorly along the

left wall of the protoconch. Also at this time, the right

border of the medial pedal muscle has spread onto the

right flank of the protoconch. This spreading may repre-

sent an early stage in the migration of the medial pedal

muscle to the dorsal surface of the ear-shaped teleo-

conch, so as to eventually become the larger of the two

shell muscles in adult abalone.

Discussion

Inventory oj larval shell muscles: comparison to

accounts by Crofts and others

Muscle morphogenesis in Haliotis kamtschatkana is

a dynamic process that incorporates both temporal and

spatial changes during the course of development. Dur-

ing the developmental interval that I examined, I noted

differences in the time when myofilaments appeared

within cells of individual muscles, and changes in details

of distal insertions, migration of shell attachment

plaques, and differential expression of myocyte destruc-

tion programs. However, remodeling is secondary to the

fact that four shell muscles differentiate during the larval

phase, and these four fall into two broad categories based

on structural, functional, and developmental criteria.

One category consists of the LRMand ACC, which

collectively retract the head and mantle in postrotational

larvae. The striated myofibers of these two muscles begin

to form before cephalopodial rotation: they differentiate

from progenitor cells lying on either side of the yolky

mass of differentiating midgut cells. The ACCand the

mantle branch of the LRM, which both insert within the

mantle fold, degenerate prior to metamorphic compe-
tence.

The second category of larval shell muscles consists of

two pedal muscles. These two, together with the intrinsic

musculature of the foot, may arise from progenitor cells

within the foot rudiment, but this requires confirmation

from cell labeling studies. The pedal muscles become

recognizable only after cephalopodial rotation, and both

muscles lack obvious striations. However, the medial

pedal muscle is anchored on a calcareous septum se-

creted along the visceral rim of the shell aperture,

whereas the left pedal muscle reaches posteriorly along

the left side of the LRMand attaches to the postero-lat-

eral wall of the protoconch (offset toward the left side).

The medial and left pedal muscles function to pull the

foot into the shell cavity during larval retraction, and

their differentiation correlates with the period of rapid

foot enlargement. The pedal muscles must also function

to brace the shell over the foot during crawling, a behav-

ior that emerges 9 days after fertilization ( 1 2 to 1 3C)
and is promoted by either red coralline algae or 0.0 1 mAI

gammaaminobutyric acid.

WhenCrofts ( 1 937. 1 955 ) did her classic studies of lar-

val development and muscle morphogenesis in Haliotis

tnberciilata and several other archaeogastropods, her

analysis was restricted to observations on live larvae and

paraffin sections and she was not able to prevent muscle

contraction during chemical fixation (Crofts, 1937, p.

221). Improved methods, particularly electron micros-

copy and effective neuromuscular anesthetics, permit

greater resolution of the pattern of muscle development.

Although the larval shell muscles and their distal

branches are theoretically resolvable by light microcopy,

the high degree of structural complexity that is packed
into a very small volume makes many structural details

difficult to identify. I suggest that Crofts (1937, 1955)

made some errors concerning the larval shell muscles of

haliotids. which may have led to inappropriate inter-

pretations of the ancestral homologues of these muscles.

Nevertheless, because Crofts' descriptions and camera

lucida sketches are detailed and meticulous within the

limits of her technique, it is possible to identify the prob-

able sources of discrepancy between her observations on

//. tuhercidala and the results reported here for H.

kamtschatkana.

Most importantly. Crofts (1937, 1955) may have mis-

identified the ACC in prerotational larvae as an early
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Figure 211. I i.insnussion electron micrograph (TEM) of a longitudinal section through the base of the

larval foot at 12 days alter fertilization. Note the medial pedal muscle (MP) extending into the foot from

an anchorage site on a calcareous shelf at the ventral apertural lip of the protoconch (arrowheads indicate

decalcified matrix of septum). The section passes obliquely through the eontralateral branch of the left

pedal muscle (LP; outlined by dashed lines) and a small portion of the larval retractor muscle (LRM). OP
= operculum: P = periostracum of decalcified protoconch: PG =

right pedal ganglion: ST =
right statocyst.

Scale. 10 fim.

Figure 21. TEMshowing enlarged view ofthe attachment plaque of the medial pedal muscle. Scale,

1 A"TI.
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Figure 22. Transmission electron micrograph (TEM) ot'a sagittal section through the extreme left side

of a postlarva at 2 days after velum loss; the section passes through the left side of the mantle fold (MF) and

the shell-attached trunk of the left pedal muscle (LP). Digit-like muscle processes (arrows) extend from the

LP into the mantle fold; asterisks indicate degenerating myocytes. AP = shell-muscle attachment plaque;

LRM= myocytes of the larval retractor muscle. Scale, 5 ^m.

Figure 23. TEMof a transverse section through the LRMand left pedal muscle in a juvenile at 7 days
after metamorphic loss of the velar cilia; the section passes through the left pedal muscle (arrows) where the

contralateral branch isdiverging from the ipsilateral branch. Only two LRMmyocytes (asterisks) remain at

this stage. E =
esophagus; I

= intestine. Scale. 2 pm.

stage in the morphogenesis of the medial pedal muscle.

She used the terms columellar muscle or post-torsional

right shell muscle for both. Crofts stated: "Early in the

second day [i.e.. before cephalopodial rotation] there are

invariably two spindle-shaped cells derived from the left

mesoderm band. They are about one-third the length of

the muscle cells of the right side and have no shell attach-

ment" (Crofts, 1937. p. 230). She refers to a camera lu-

cida sketch (fig. 25 of Crofts, 1 937) of a transverse section

in which the two mesoderm cells are identified as the ru-
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ditnent of the columellar muscle. Her sketch is compa-
rable to the section shown in my Figure 6, which also

shows two myoblasts on the left side of the developing

midgut. However, in //. kamtschatkana, these two are

differentiating myocytes of the ACC, which is an entirely

different muscle from the later-differentiating columellar

muscle (= medial pedal muscle). The ACC of H.

kanuschaikana soon acquires an attachment to the bot-

tom of the protoconch and projects into the right, ven-

tro-lateral area of the mantle fold. Indeed, the shell-at-

tached trunks of both the ACCand the LRMcan be seen

for several days after larvae complete cephalopodial ro-

tation (Fig. 9). However, Crofts (1995, p. 729) vigorously

disputed a previous report on larvae of Pale/la vulgata by

Smith ( 1 935), in which he described two distinct muscles

attached to separate sites along the bowl of the proto-

conch. However. Bandel (1982) has also reported two

muscles attached to the bottom of the protoconch in

early developmental stages of several trochacean archae-

ogastropods. One of these is clearly comparable to the

LRMof haliotid larvae; the other is somewhat similar to

the ACC, except that Bandel's (1982) text tig. 5 gives it a

distal trajectory that is more like that of the mantle

branch of the LRMin //. kamtschatkana.

In her 1937 paper (p. 238) Crofts states that the LRM
of older larvae of //. tuberciiluta "acquires additional

spindle-like fibres extending into the left side of the

foot." This description may correspond to what I have

identified as the distal, ipsilateral tract of the left pedal

muscle in H. kamtschatkana. The contralateral tract,

which extends into the right side of the foot, is difficult to

resolve in light microscopical sections because it

branches from the muscle trunk in a very structurally

congested area of the larval body. Crofts interpreted

these "additional fibres" as merely an elaboration of the

LRM. but I suggest that they should be identified as a

distinct shell muscle. Although both the left pedal muscle

and the LRMattach to the shell along the left side of the

bottom of the protoconch, the two muscles are different

in all other respects that I could identify, including (1)

temporal pattern of myonlament differentiation, (2) pri-

mary insertion target, and (3) type of myonlament ar-

rangement.
In summary, I suggest that Crofts (1937, 1955) may

have overlooked the existence of what are actually two

categories of shell muscles in haliotid larvae. Specifically,

she may have misidentined the ACCas an early stage in

the development of the medial pedal muscle (columellar

muscle) and she may not have distinguished the left

pedal muscle as separate from the LRM(Fig. 1 ). My sug-

gestion could be falsified by an ultrastructural reanalysis

of shell muscle development in // tuberculata. It is pos-

sible that muscle development in H. tuberculata and H.

kamtschatkana show real and profound differences.

in larval shell muscles in other gastropods

Ultrastructural information on the shell muscles of

other gastropod larvae is available only for members of

the Nudibranchia (Bonar and Hadfield, 1974: Page.

1995). These studies reveal a common groundplan for

nudibranch larval shell muscles that is similar to the pat-

tern seen for //. kamtschatkana larvae. The two pedal

muscles and the LRMin //. kamtschatkana have similar

counterparts in nudibranch larvae, and in each case the

LRMdifferentiates before the pedal muscles. However,

nudibranch larvae appear to lack the ACC. Nevertheless,

the nudibranch LRM incorporates a tract that projects

to the right, ventro-lateral part of the right mantle fold,

which is the target of the ACCin //. kamtschatkana. An-

other notable difference between the shell muscles in H.

kamtschatkana larvae and those of nudibranch larvae is

the lack of a mid-ventral stomodeal tract in the LRMof

//. kamtschatkana.

Existing studies on caenogastropod larvae consistently

describe only one shell-attached muscle (e.g., Werner.

1955;D'Asaro. 1965. 1966, 1969;Fioroni, 1966; Fretter,

1969, 1972; Fretter and Graham, 1962; Thiriot-Quie-

vreux, 1969, 1974). This muscle initially attaches to the

left side of the protoconch. but later transfers to the col-

umella of the growing larval shell. The single shell mus-

cle is reported to have distal branches inserting on the

velum, distal foregut structures, mantle fold, and foot.

Ancestral homologues ofhalioticl larval shell muscles

I have categorized larval shell muscles in //.

kamtschatkana according to characteristics of structure,

function, and spatial and temporal patterns of myofi-

brillogenesis. These criteria delineate two categories of

larval shell muscles: ( 1 ) early-differentiating cephalic and

mantle retractors consisting of striated myofibers, and

(2) later-differentiating pedal and mantle muscles con-

sisting of myofibers that lack obvious striations. How-
ever, previous descriptions of shell muscles in larval

archaeogastropods attempted to categorize larval shell

muscles according to possible left-right homologues.
and the search carried the a priori expectation that the

homologues would show anatomical differences (see

Haszprunar 1985, 1988). The reason can be traced to a

preexisting evolutionary scenario for gastropods, as pop-

ularized by Garstang ( 1929), who proposed that gastro-

pod torsion was the result of a mutation that created an

asymmetry between left and right larval shell muscles.

The hypothesized asymmetry was such that the cephalo-

podium of the larval body was made to twist relative to

the visceropallium (i.e.. the larval body underwent tor-

sion). Garstang ( 1929 (further suggested that this ancient

evolutionary event has been preserved over many mil-

lenia and is manifest today in the ontogeny of extant
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archaeogastropods. Garstang's theory about the evolu-

tionary generation of torsion has had great impact on

interpretations of gastropod evolution and phylogeny,

although other aspects of his theory, including his

functional interpretation of ontogenetic torsion. ha\e

been criticized by subsequent authors (Ghiselin. 1966:

Thompson. 1967; Salvini-Plawen. 1980: Pennington

andChia. 1985).

Nevertheless. Garstang's (1929) theory for the evolu-

tion of torsion and the role of muscles in the torsional

process was the conceptual backdrop for Crofts' (1937,

1955) interpretation of shell muscles in larval archaeogas-

tropods. Accordingly, she proposed that the LRM and

ACCare left-right homologues showing marked asym-

metry in size, trajectory, and time of development. This

interpretation is not disproved by the observations re-

ported here. However, by suggesting that the ACC hc-

comcs the columellar muscle (posttorsional right shell

muscle) in // tnhi-rculatii and other archaeogastropods.

Crofts established the precedent for the view that ( 1 ) hali-

otid larvae have only two shell muscles. (2) these are bilat-

eral homologues that become the two postmetamorphic

shell muscles, and (3) the two postmetamorphic shell

muscles are therefore homologues of a single pair of

dorso-ventral shell muscles in chitons (and presumably

monoplacophorans). This interpretation is now shown to

be suspect. In // kamtscluitkanu, the LRMand medial

pedal muscle belong to separate muscle groups. If the me-

dial pedal muscle has a homologue in these larvae, the left

pedal muscle is a more likely candidate than the LRM.
How can any hypothesis about bilateral muscle homo-

logues and their role in torsion be tested (much less dis-

proved) if both structural and developmental differences

are barred from consideration because differences are actu-

ally specified by the evolutionary theory about torsion?

One way out of circular arguments on this topic is to collect

highly resolved morphological data on larval shell muscles

for many different gastropod groups and for outgroups.

Comparative developmental studies may allow muscle ho-

mologues to be identified in a way that is independent of

any prevailing evolutionary theory about torsion.
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